Accurate p-type doping of the active region in III-V infrared detectors is essential for optimizing the detector design and overall performance. While most III-V detector absorbers are n-type (e.g., nBn), the minority carrier devices with p-type absorbers would be expected to have relatively higher quantum efficiencies due to the higher mobility of their constituent minority carrier electrons. However, correctly determining the hole carrier concentration in narrow bandgap InAsSb may be challenging due to the potential for electron accumulation at the surface of the material and at its interface with the layer grown directly below it. Electron accumulation layers form high conductance electron channels that can dominate both resistivity and Hall-effect transport measurements. Therefore, to correctly determine the bulk hole concentration and mobility, temperature-and magnetic-field-dependent transport measurements in conjunction with Multi-Carrier Fit analysis were utilized on a series of p-doped InAs0.91Sb0.09 samples on GaSb substrates. The resulting hole concentrations and mobilities at 77 K (300 K) were 1.6 x 10 .
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INTRODUCTION
Sensing applications spanning the Short-Wavelength Infrared (SWIR) to the Long-Wavelength Infrared (LWIR) have been dominated by Mercury-Cadmium-Telluride (MCT) detectors 1 . MCT devices have proven large quantum efficiencies (QE) and high operating temperatures 2 . However, there are several fundamental material challenges for the technology, such as low electron effective mass (~0.009m o ) resulting in sizeable dark-currents due to tunneling 3 and expensive Cadmium-zinc-telluride (CdZnTe) substrates for epitaxial growth 2 . As a result, there is significant interest in the development of III-V infrared (IR) detectors due to their low-cost substrates as well as mature processing and fabrication techniques. III-V IR detector materials of interest include bulk InAsSb, InAs/GaSb type-II strained layer superlattices 4 (T2SLs) and InAs/InASb T2SLs 5, 6 . Some of the potential benefits of using III-V materials compared to MCT detectors include reduced Auger recombination 7 and the larger effective mass (~ 0.04m o ) in T2SL which leads to a reduction of tunneling currents compared with MCT detectors of the same bandgap 8 .
Despite the progress for III-V material properties, such as stronger optical absorption characteristics 9 and relatively improved minority carrier lifetimes 5 , IR detectors using these materials have yet to reach their theoretical potential. The III-V materials' biggest limitations remain surface passivation of p-type materials 10 and Shockley-Read-Hall recombination 11 . Development of III-V materials has also required a better understanding of the fundamental carrier transport mechanisms; therefore, lateral and vertical transport studies on III-V IR materials have been the subject of continued research [12] [13] [14] [15] [16] [17] [18] . For example, Brown et al. 17 investigated the influence of dopant concentration on both lateral mobility and minority carrier lifetime in both n-and p-type LWIR InAs/InAsSb superlattices grown on GaSb substrates. Variable-field measurements enabled the extraction of in-plane hole and electron, plus surface electron transport properties as a function of temperature. Also, Svensson et al. substrate, a step-wise etched bulk film was necessary to assign different carriers to the bulk layer. It was concluded, that multiple carrier types due to n-or p-doped regions and two-dimensional populations at the surface and interface layers tend to make significant contributions to the conduction process in detector structures 19 .
The goal of this study was to accurately determine the bulk carrier concentration in narrow bandgap p-type InAsSb using magnetic-field-dependent electrical transport measurements in conjunction with Multi-Carrier Fit (MCF) analysis to extract the properties of all the different carrier species present at 77 K and 300 K. To attribute each carrier species suggested by MCF with a corresponding physical conduction process of the InAsSb samples, the samples were etched to different bulk thicknesses, and variable-field measurements were measured to assist in confirming whether a carrier species represents bulk or surface conduction. Finally, a surface treatment experiment was conducted to correlate one of the electron conducting populations with conducting electrons at the surface of the mesa.
METHODS

Magneto-Transport
Standard Hall-effect measurements at a single magnetic field are only accurate if the materials' conduction is dominated by one carrier species. For samples with multiple carrier species present, this approach results in an average value of all of the carriers' concentrations and mobilities. This result may be misleading if the goal is to determine the carrier concentration and mobility for an assumed single carrier. The challenge for Hall-effect measurements on narrow bandgap materials is the separation of the conduction channels in the bulk epi-material of interest from the conductive surface and GaSb substrate. Therefore, magneto-transport experiments as a function of the magnetic field are needed to extract the properties of individual carriers contributing to the overall conductivity of the material of interest. To measure the resistivity, (1) an electric field across the material structure generates carrier motion, (2) application of a magnetic field perpendicular to carrier motion produces a Lorentz force which acts on those carriers, and (3) the Lorentz force deviates the carrier path and thus alters the resistance, where higher mobility carriers experience a stronger Lorentz force than lower mobility carriers.
Multi-Carrier Analysis
Mobility Spectrum Analysis (MSA) and MCF are extensively used for analyzing variable-magnetic-field Hall data 20, 21 to obtain concentration and mobility of each carrier species present in the sample. Although conventional Hall-effect analysis at a single magnetic field is routinely employed to characterize transport properties in III-V materials, the need for a multi-carrier analysis in bulk material, as well as superlattices, is evident when the magnetic-field-dependent resistivity and Hall coefficient characteristics are consistent with the presence of more than one carrier species. For instance, Rao et al. 22 performed magnetic-field-dependent measurements to discriminate between carriers in the substrate and those in the superlattice layer. They used MSA based on the methodology proposed by Beck and Anderson 20 . MSA utilizes an envelope of the maximum conductivity, which is presented as a continuous function of carrier mobility, to generate a mobility spectrum 23, 24 . In MCF, results can be expressed only in terms of a discrete number of carrier species with discrete mobilities 19 . Basically, the MCF performs a least-squares fit of the experimentally measured data to extract the number of carriers.
The downside of the MCF technique is that it requires prior knowledge of the number of electron and hole carriers, whereas MSA does not. Here, the MSA method was initially used to estimate the number of carriers present in the sample, and the MCF method was used thereafter to quantify the carrier species. In MCF, the experimental Hall coefficient, , and resistivity, , are related to the longitudinal and transverse conductivity tensor components, and , through the following equations: If multiple carriers are present, each with discrete mobilities µ i , then the conductivities of the individual carriers are additive, and the values of the conductivity tensors (of an N-carrier system) are given by the following sums:
where is +1 for holes and -1 for electrons. It is worth noting that in Equations (3) and (4), it is primarily the denominator terms which end up differentiating the contributions from individual carriers in the variable-field measurements and determining the overall shape of the measured and and consequently the and curves. The denominator terms manifest with the contributions from the higher mobility carriers being the first to "quench" with the increasing magnetic field (i.e., µB >> 1), causing those carriers to have less influence on the measured Hall coefficient and resisitivity 19 . Thus, higher magnetic fields end up enabling the determination of the conduction properties of the lower mobility carriers 25 that are otherwise unobservable. The maximum magnetic-field strength of the Hall-effect measurement system becomes essential in the analysis; it specifically dictates the lowest possible measurable mobility.
Device Structures, Fabrication and Characterization Equipment
For this study, the sample was grown on an n-type (Te-doped) GaSb substrate via Molecular Beam Epitaxy (MBE). The structure is shown in Figure 1 grown on a 0.5-µm thick lattice-matched and undoped AlAs 0.08 Sb 0.92 insulating layer. The wafer was cleaved, and pieces from the wafer were wet-etched to different thicknesses. Stylus profilometry measured two different InAsSb bulk thicknesses (1.4-µm, 0.8-µm) in addition to the original 2-µm thick sample. Standard optical photolithography was used to define 5 mm x 5 mm square mesas in van der Pauw (VDP) configuration. Then, 300 µm x 300 µm corner contacts were defined and contact formation with Ti/Pt/Au was used as previously shown to make good ohmic p-type contacts on similar material 26 . Contacts were found to be ohmic for all samples and temperatures of interest. In addition to etching the bulk film thicknesses, a surface chemical treatment method was used to extract the surface component of the 2-µm sample.
Variable-field Hall measurements were performed on a Lakeshore 9509 Hall Measurement System (HMS) with a 9-Tesla maximum magnetic field intensity at a current of 100 µA. Current reversal, field reversal, and two distinct Hall configuration techniques were employed to avoid measurement errors. The Hall system software controlled the electrical equipment for each run and provided IV characterization of contacts, sheet resistivity, and Hall coefficients that were needed as inputs for the MCF analysis. The 2-dimensional (2-D) and 3-dimensional (3-D) fabricated sample diagrams are shown in Figure 1 (a) and (b) . Figure 1 (a) shows the different possible conductive paths for such sample. The widebandgap AlAsSb insulating layer was used to effectively remove the conductive pathway of the substrate as shown in the band-diagram in Figure 2 . 
RESULTS AND ANALYSIS
Resistivity Characterization
Sheet resistivity measurements were acquired for the three sample thicknesses at 77 K and 300 K. Using the VDP method, the sheet resistivity measurements were made around the periphery of the sample before Hall voltage measurements. Although the sheet resistivity measurements are very similar to the Hall-effect, the primary differentiator is that there is no magnetic field applied. Figure 3 shows the measured sheet resistivity values for 77 K and 300 K, respectively. Sheet resistivity, , increased with decreasing film thickness, , which is consistent with the expression for resisitivity ( μ , where is the electronic charge and is the concentration. Sheet resistivity was also greater at 300 K compared to 77 K, indicating that an increase in dopant activation from 77 to 300 K is not significant enough to overcome the decrease in mobility due to phonon scattering. Further analysis showed that most (70%) of the dopants are still activated 77 K. 
Variable-Field Characterization
The data plotted in Figure 3 was analyzed by the MSA, which identified four carriers in the mobility spectrum (two electrons and two holes), however; the low-mobility carrier concentration and mobility were incompletely resolved due to the upper magnetic field limit of the equipment (9-Tesla). MCF was set up to allow for eight total possible carrier populations and identified the same four carrier populations (two electrons and two holes) at both temperatures. Furthermore, if the MCF was forced below four carriers, the fit quality severely diminished. The analysis in this study was completed by MCF to extract both the number of carriers present with mobility and concentration values for each sample. Finally, both mobility and concentration values were used to calculate the sheet conductivity for each of the four carriers in each sample.
The 77 K sheet conductivity was plotted as a function of bulk layer thickness in Figure 4 (a) and (b) in linear and semilog scales, respectively. MCF extracted four carrier populations: a high-conductivity hole carrier (h1), a secondary hole carrier (h2) with higher mobility than h1, and two electron carriers (e1 and e2). At 300 K, the average sheet conductivity as a function of bulk layer thickness is shown in Figure 5 (a) and (b) on linear and semilog scales, respectively. Figure 5 (b) includes conductivity error bars calculated using mean and standard deviation for reference. Like the results at 77 K, MCF also extracted four carrier populations at 300 K: a high-conductivity hole carrier (h1), a secondary hole carrier (h2) with higher mobility than h1, and two electron carriers (e1 and e2). At both 77 K and 300 K, the h1 hole carrier had the highest sheet conductivity out of all four carriers and is shown to linearly increase as a function of thickness, whereas the other three carriers' sheet conductivities remain mostly the same vs. thickness. This thickness-dependence suggests that h1 is the bulk hole carrier for the p-type InAsSb layer, whereas e1, e2, and h2 are surface/interface carriers. The larger density of states in the heavy hole band compared to the light hole band makes it such that the heavy holes tend to dominate the conduction properties of the valence band, but they possess a lower mobility 27 . Hence, the low mobility and a linearly increasing high-conductivity suggests that h1 represents the high concentration heavy hole population while h2 represents the lower concentration light hole population. At 77 K, the bulk p-type sheet carrier concentration and mobility are 3. . These results indicate that the Be dopants are completely ionized at room temperature, and are ~70% ionized at 77 K.
Surface Component at 300 K
It has been previously observed that there is a Fermi level pinning effect that causes an electron accumulation layer on both p-type InAs and n-type InAsSb surfaces 28, 29 . Surface currents related to this layer can be successfully minimized by unipolar barriers such as the nBn device architectures for n-type absorbers. However, in p-type material, such as the that studied here, the conductivity type of the bulk and the surface layer differ, making it difficult to extract the majority carrier hole and surface electron accumulation currents independently. In the samples here, the MCF extracted two electron species (e1 and e2) whose sheet conductivity values stay relatively consistent vs. thickness. To differentiate which of the two carriers belongs to the surface, the 2-µm sample was dipped in sodium hypochlorite (NaClO) and rinsed in deionized water in order to modify the sample surface pinning. Room temperature variable-field measurements and MCF analysis were then repeated under the same conditions prior to the NaClO treatment. Svensson et al. 18 used a similar chemical treatment on n-type InAs 0.58 Sb 0.42 surfaces to identify the surface carrier population. The advantage of such treatment is that it does not etch InAsSb but appears to affect the surface oxidation and charge state 18 .
Pre-and post-surface treatment analysis of the same 2-µm sample was compared in Table 1 . The mobility and concentration results for the four different carriers (pre-to post-treatment) are shown, where it is observed that the e1 carrier had a noticeable change in mobility (4260 ± 100 to 468 cm ). The other three carrier species were not impacted by the surface treatment, further supporting the conclusion that h1 and h2 are the bulk hole populations in InAsSb. The origin of the secondary electron e2 is unknown and further investigation is required, but it may relate to the minority n-type carriers in the bulk layer, the AlAsSb insulation layer, the AlAsSb-bulk interface, or the n-type GaSb substrate. 
CONCLUSIONS
Temperature and magnetic-field-dependent transport measurements in conjunction with MCF analysis were used to characterize the conduction properties of Be-doped, lattice-matched, InAs 0.91 Sb 0.09 samples on GaSb substrate. The MCF analysis was used to uniquely identify four conducting carrier populations and their respective mobilities in the structure: two electrons and two holes. The primary hole conductivity was confirmed to be that of the heavy hole in InAsSb. The heavy hole concentrations and mobilities at 77 K (300 K) are 1.6 x 10 mobility, although further analysis is needed.
